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ABSTRACT: Magnetic levitation (MagLev) of diamagnetic or weakly paramagnetic materials suspended in a paramagnetic solu-
tion in a magnetic field gradient provides a simple method to measure the density of small samples of solids or liquids. One major 
limitation of this method, thus far, has been an inability to measure or manipulate materials outside of a narrow range of densities 
(0.8 g/cm
3
 <  < 2.3 g/cm
3
) that are close in density to the suspending, aqueous medium. This paper explores a simple method—
“tilted MagLev”—to increase the range of densities that can be levitated magnetically. Tilting the MagLev device relative to the 
gravitational vector enables the magnetic force to be decreased (relative to the magnetic force) along the axis of measurement. This 
approach enables many practical measurements over the entire range of densities observed in matter at ambient conditions—from 
air bubbles ( ≈ 0) to osmium and iridium ( ≈ 23 g/cm
3
). The ability to levitate, simultaneously, objects with a broad range of dif-
ferent densities provides an operationally simple method that may find application to forensic science (e.g., for identifying the com-
position of miscellaneous objects or powders), industrial manufacturing (e.g., for quality control of parts), or resource-limited set-
tings (e.g., for identifying and separating small particles of metals and alloys). 
INTRODUCTION 
Magnetic levitation (MagLev) of diamagnetic or weakly 
paramagnetic materials suspended in a paramagnetic solution 
in a magnetic field gradient provides a simple method to 
measure density.
1-4
 Based the balance of gravitational and 
magnetic forces, this method has four important capabilities 
and types of applications that make it attractive for use in a 
variety of settings. i) MagLev offers the ability to resolve 
small differences in the densities of samples (e.g., pastes, gels, 
heterogeneous solids, small particles, crystal polymorphs)
1,2,4-7
 
with physical properties that make them difficult or impossible 
to analyze by other instruments (e.g., density gradient col-
umns, pycnometers, oscillating-tube densometers).
8
 ii) Mag-
Lev can be used for complex, shape-based tasks, such as non-
contact, three-dimensional self-assembly,
9,10
 orientation con-
trol
11
, and quality control
12
 of a wide variety of polymeric 
components. iii) MagLev can be used to perform a range of 
important, density-based bioanalyses.
13-17
 iv) The simplicity-
of-use, portability, and low cost of MagLev make it particular-
ly attractive for use in resource-limited settings (e.g., schools, 
mines, archeological sites, field operations, and laboratories in 
the developing countries).  
Despite these advantages, one major limitation, thus far, has 
been an inability to measure or manipulate materials outside of 
a narrow range of densities (0.8 g/cm
3
 <  < 2.3 g/cm3) close 
in density to the suspending, aqueous medium. To increase the 
range of densities that can be levitated magnetically, it is nec-
essary to increase the force of magnetic levitation relative to 
gravity. Due to practical bounds to the strength of a magnetic 
field from a permanent magnet and the concentration of the 
paramagnetic salt in the medium, it has previously not been 
possible to increase the magnetic force enough to levitate ma-
terials with either i) low density (e.g., foams, gases) or ii) high 
density, in the range between  ≈ 2.3 g/cm3 (e.g., silicon) to 
 ≈ 23 g/cm3 (e.g., osmium and iridium, the two densest ele-
ments). Here, we overcome this limitation by taking a differ-
ent approach: rather than increasing the magnetic trapping 
force, we instead decrease the gravitational force along the 
direction of measurement by tilting the magnetic trap relative 
to the gravitational vector. This method enables us to perform 
practical measurements over the entire range of densities ob-
served in matter at ambient conditions (i.e., from air bubbles 
to osmium and iridium). 
Figure 1a shows a schematic of the MagLev device that we 
have used in most of our previous work. This configuration 
consists of two, anti-aligned magnets (that is, parallel, with 
like-poles facing each other) and a nonmagnetic container 
filled with paramagnetic solution (typically aqueous MnCl2 or 
GdCl3) with density ρm placed between the two magnets. A 
non-magnetic sample, with density ρs, levitates in the para-
magnetic solution due to the balance of two forces: the gravi-
tational (i.e., buoyant) force Fg caused by a difference in den-
sity between the solution and the sample and the magnetic 
force Fm. The magnetic force originates from the difference in 
the magnetic energy density between the paramagnetic solu-
tion and the diamagnetic (or weakly paramagnetic) object: it is 
more energetically favorable for a volume of paramagnetic 
solution to be in a region of high magnetic field (i.e., close to 
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the faces of the magnets) than for the same volume of a non-
magnetic object. The paramagnetic medium, therefore, dis-
places the object away from the magnets and towards the mid-
point between the faces of the magnets. The gravitational 
force, however, opposes the magnetic force and acts to pull the 
sample down from the center (if ρs > ρm) or to displace the 
sample up from the center (if ρs < ρm); the objects levitates at 
the position where Fm = Fg. Importantly, if the sample is suffi-
ciently dense (e.g., Fg >> Fm) that it rests at the bottom of the 
device and does not levitate, standard MagLev is not applica-
ble without a change in experimental procedure.   
Figure 1. The magnetic levitation (MagLev) device used to 
measure densities of non-magnetic objects in a paramagnetic solu-
tion. (a) Schematic of an object levitating in a MagLev device. 
Objects levitate in the device due to the balance of the gravita-
tional force, Fg, and the magnetic force, Fm. By measuring the 
distance Dz between the object and the surface of the bottom 
magnet, the density of the object can be calculated. (b) Schematic 
showing an object that is too dense to be measured by this config-
uration. (c) Schematic of a MagLev device tilted to an angle  
relative to the gravitational axis. The x and z axes are defined as 
fixed with the device and rotate with the angle ; the x’- and z’-
axes are fixed to the laboratory frame of reference, and do not 
rotate. Tilting the device provides a way to tune the components 
of the gravitational force (Fg,x, Fg,z) relative to the magnetic field 
and the z-axis (the axis of measurement) and bring the object into 
the range of the device. The same method can be applied to an 
object that is less dense than the solution; in this case, the object 
floats to the top of the container rather than sinking to the bottom. 
FR represents the normal force acting from the surface of the con-
tainer onto the object.  
Figure 1 also defines our choice of coordinates for the 
MagLev frame of reference (x-, y-, and z-axes; fixed to the 
device) and laboratory frame of reference (x’-, y’-, and z’-
axes; fixed to the laboratory). For many magnetic configura-
tions, the z-component of the magnetic force Fm can be closely 
approximated by a linear relationship between the height of 
levitation Dz (the distance between the object and the surface 
of the bottom magnet) and ρs. Equation 1 (described by Mirica 
et. al.)
2
 quantifies this relationship in terms of the different 
magnetic susceptibilities between the sample and medium 
Δ = s – m (unitless), the magnetic strength at the surface of 
the magnets B0 (T), the magnetic permeability of free space µ0 
(4π  10
-7
 N/A
2
), and the distance of separation between the 
two magnets d (m). 
 𝐅𝐦 =
4𝛥𝜒𝐵0
2𝑉
𝜇0𝑑2
(
𝑑
2
− 𝐷𝑧) ?̂? (1) 
Equation 2 gives the gravitational force Fg, where Δ = s -
m (kg/m
3
) is difference in density between the sample and 
medium, V (m
3
) is volume, and g (-9.8 m/s
2
) is the constant of 
gravitational acceleration.  
 𝐅𝐠 = 𝛥𝜌𝑉𝑔?̂?′ (2) 
Equation 3 describes the linear relationship between Δρ and 
Dz in the standard configuration (where the z- and z’-axes are 
parallel, as shown in Figures 1a,b) at equilibrium (Fm =Fg). 
 𝛥𝜌 =
4𝛥𝜒𝐵0
2
𝜇0𝑔𝑑2
(𝐷𝑧 −
𝑑
2
) (3) 
For this configuration, Equation 4 describes the range of 
densities Δρrange that can levitate without contact within the 
MagLev device. 
 𝛥𝜌𝑟𝑎𝑛𝑔𝑒 ≈ 𝛥𝜌(𝑑) − 𝛥𝜌(0) =
4𝛥𝜒𝐵0
2
𝜇0𝑔𝑑
 (4) 
In this paper, we show how to modify these relationships to 
decrease the effective g, and therefore, to increase Δρrange, by 
rotating the z-axis of the MagLev device relative to the gravi-
tational vector. This approach enables us to tune the strength 
of the linear relationship between Δρ and Dz, independent of 
all other parameters of the system. 
EXPERIMENTAL 
Expanding the Range of Levitated Densities by Rotation 
Relative to Gravity. We define  as the angle of tilt about the 
y-axis (?̂?||?̂?′), i.e., the angle between the z- and z’- axes. Equa-
tions 5 and 6 describe how, for an arbitraty tilt angle , the 
gravitational force can be decomposed into two components 
within the MagLev frame of reference: Fg,x along the x-axis 
and Fg,z along the z-axis.  
 𝐹𝑔,𝑥 = 𝐅𝐠 ∙ x̂ = 𝛥𝜌𝑉𝑔sin𝜃 (5) 
 𝐹𝑔,𝑧 = 𝐅𝐠 ∙ ẑ = 𝛥𝜌𝑉𝑔cos𝜃 (6) 
A dense (light) object resting at the bottom (top) surface of 
the container (e.g., as depicted in Figure 1c) will experience a 
normal force FR = Fg,x exerted by the wall of the container. 
The component of the bouyant force acting along z-axis (the 
axis of measurement) Fg,z, and therefore, the amount of 
bouyant displacement from the center of the device, will 
decrease by a factor of cosθ. Equations 7–8 describe how 
changing  effects the relationship between Δρ and Dz , as well 
as Δρrange, at equilibrium (i.e., when Fm = Fg,z). 
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 𝛥𝜌 =
𝛥𝜒4𝐵0
2
𝜇0𝑔cosθ𝑑2
(𝐷𝑧 −
𝑑
2
) (7) 
 
𝛥𝜌𝑟𝑎𝑛𝑔𝑒 ≈
𝛥𝜒4𝐵0
2
𝜇0𝑔cosθ𝑑
 
(8) 
Approaches to Reduce the Effects of Friction on 
Equilibrium Levitation Height. Any object in contact with 
the surface of the container will experience a force of static 
and dynamic friction from the wall of the container. In prac-
tice, we found that, especially for non-spherical objects (i.e., 
those than cannot roll easily), this force is often large enough 
to impede movement of the object along the z-axis enough to 
prevent it from reaching the equilibrium position, where Fm = 
Fg,z. 
To overcome this challenge, we developed two different ap-
proaches that helped reduce or even eliminate the effect of 
friction. i) For spherical objects, we agitated the container by 
gentle, manual tapping or rolling of the container back and 
forth around the z-axis. ii) For non-spherical, millimeter-sized 
objects, we increased the viscosity of the medium such that, 
after tilting the device to an angle θ, rotation of the container 
by 180° about the z-axis would “pick up” the samples and then 
allow them to drop back to the bottom surface. This approach 
enabled the objects to approach their equilibrium position 
without having to overcome the static friction from physical 
contact with the wall of the container. Using these procedures, 
we demonstrate the measurement of an extremely broad varie-
ty of densities, from an air bubble ~0.0 g/cm
3
 to osmium and 
iridium (to 23 g/cm
3
), as well as powders (including those with 
particle sizes < 100 µm) and multiple objects simultaneously.  
Materials, Configuration, and Parameters. A cylindrical 
glass vial or a rectangular, quartz cuvette served as the 
container for the sample and paramagnetic medium: 3.00 M 
MnCl2, for which we calculated a value of m = 5.48  10
-4
 
following the procedure described in Mirica et. al.,
2
 and meas-
ured sol = 1.292 g/cm
3 
with a portable density meter (DMA35, 
Anton Paar). We used three different sets of N40 magnets with 
B0 ~ 0.4 T with LxWxH = 4”x4”x1” (kjmagnetics.com) and 
assembled a custom jig to fix anti-aligned configuration at d = 
4.5 cm, for all experiments.  
Procedure for Levitating Spherical Samples. To 
characterize a spherical sample, we tilted the MagLev device 
to a random angle, and allowed the spherical object to assume 
its equilibrium position in the container. If the angle of tilt, , 
was too small, the spherical object would roll and settle at the 
end of the container close to the bottom magnet (after 
agitation). If a sphere remained at the same position, 
regardless of manual agitation, we assumed it had reached its 
equilibrium position. Once this condition was met, we 
measured  and Dz, and used Equation 7 to calculate the 
density of the object.  
Procedure for Levitating Non-Spherical Samples. To 
characterize non-spherical samples, we prepared a highly vis-
cous medium composed of aqueous dextran (35% by weight) 
in 3.00 M MnCl2; for this solution, we measured m = 1.385 
g/cm
3
. This highly viscous liquid (viscosity ~10 Pa∙s,18 or ap-
proximately that of honey) enabled us to use viscous drag to 
“pick up” the sample and rotate it with the container, about the 
z-axis. Figure 2 shows a schematic of this procedure: after 
rotating the container by 180 and then stopping, the sample 
fell gradually back to the bottom surface of the container. 
 
Figure 2. Schematics showing the procedure by which we meas-
ured densities of dense, non-spherical, millimeter-sized objects. 
When the container was rotated 180 about the z-axis (a), the 
object rotated together with the container (due to the force of vis-
cous drag from the solution) and moved to the top (b). After rota-
tion, the object sank toward the bottom surface of the container. 
With more rotations, the object moved to the equilibrium position, 
where Fm = Fg,z. c) Once it reached an equilibrium position, the 
object would no longer change its z-position after repetition of 
steps (a)-(b). d) A schematic showing the forces acting on the 
object while falling through the medium. 
 
 4 
We repeated this procedure several tens of times (depending 
on the size, density, and shape of the sample) until the bottom 
position along the z-axis would no longer change from turn to 
turn. In this case, we assumed that the object had reached its 
equilibrium position along the z-axis. Once this condition was 
met, we measured  and Dz, and used Equation 7 to calculate 
the density of the object. Without a viscous liquid (i.e., a par-
amagnetic solution without dextran), we could not “pick up” 
the samples; they continued to stay at the bottom regardless of 
the rate of rotation about the z-axis.  
Procedure for Levitating Powders. To characterize 
powders, we also used 3.00-M MnCl2 and chose the viscosity 
such that the powders didn’t settle too quickly, but settled fast 
enough to reach equilibrium within minutes. For powders of 
glass and aluminum, we used a solution with no added 
dextran. For tin and copper powders, we added 10% (by 
weight) dextran (viscosity ~ 0.2 Pa∙s)18. For gold powder, we 
added 35% dextran (by weight).  
As in the case of non-spherical particles, we facilitated 
equilibriation by agitating the container. Although the powders 
tended to disperse throughout the container during the initial 
rotations, after more rotations (~20), the particles gradually 
converged into a narrow band (see SI for experimental images 
of gold powder in the SI). Alternatively, we found that 
decreasing the angle of periodic rotation to ~90 (instead of 
180) around the z-axis allowed the particles to remain settled 
at all times while sliding along the surface of the container. 
This approach enabled us to prevent dispersion of the particles 
throughout the solution and attain equilibrium after only 
several rotations.  
We include further details of all experimental procedures, 
materials, parameters (e.g., magnetic susceptibilities of sam-
ples), and methods in the Supporting Information (SI). 
RESULTS AND DISCUSSION 
Measuring Densities of Spherical Samples. Figure 3a 
demonstrates how, at sufficiently large , a spherical sample 
would roll and come to rest at an equilibrium position Dz 
separated from the bottom magnet. For each sample, we re-
peated the experiments using different values of  (and as a 
result, different values of Dz). Table 1 lists the measured den-
sities of different spherical objects, each averaged over all of 
the different angles of measurement. These values are in close 
agreement with those reported by the manufacturer or from 
other sources (SI).  
Measuring Densities of Non-Spherical Samples. Figure 
3b shows measurements performed on four non-sphereical 
samples of different materials, using a highly viscous medium. 
Table 2 shows the measured densities of a broad range of 
objects spanning air to osmium. In each case, to reach 
equilibrium, we agitated the sample by periodic rotation of the 
container around the z-axis (Figure 2). By this approach, we 
are able to measure the densities of the two densest, common, 
naturally-occurring elements known—osmium and iridium (ρs 
~ 23 g/cm
3
). We also demonstrated the capability of the device 
to characterize substances with low density (< 0.8 g/cm
3
) by 
measuring the density of an air bubble within the container.  
We observed that the repeatability of this method (as 
applied to non-spherical objects) was strongly dependent on 
the geometry of the samples. For example, the flat piece of 
diamond (shown in the top left image of Figure 3b), yielded a 
particuarly high variability due to the variety of positions it 
tumbled into when it came to rest on the bottom surface. To 
overcome this variability, we rotated the container 
continuously and rapidly enough to prohibit the sample from 
settling at the bottom of the container. We present a more 
detailed discussion regarding the physical origin of this 
behavior and the method for reducing this variation in the SI.  
Although we have focused primarily on solid phase samples 
in this work, it may also be possible to measure liquid or 
vapor-phase samples by tilted MagLev as well. (We have, for 
example, demonstrated here the measurement of an air bubble 
without issue.) There is, however, a potential challenge that 
would need to be overcome: the samples may stick to the 
walls of the container due to wetting on a rough surface or 
contact angle hysteresis, therby preventing them from reaching 
an equilibrium position. Although agitation may help, in 
principle, adding an appropriate surfactant may aleviate the 
issue entirely by enabling the sample to “roll” along the wall 
on a thin film of the medium trapped between the sample and 
the wall.  
 
Figure 3. Measuring densities of different objects using the Mag-
Lev device. The angle of tilt , and the distance Dz between the 
object and the surface of the bottom magnet used to calculate the 
densities are shown in the images. a) Measuring densities of 
spherical objects: (left) aluminum sphere; (right) glass sphere. b) 
Measuring densities of non-spherical objects: (top left) a flat piece 
of diamond; (top right) a piece of cerussite; (bottom left) a piece 
of iridium; (bottom right) an air bubble. Since the air bubble is 
less dense than the medium, it floats closer to the upper magnet 
than the lower magnet (distance as indicated). c) Measuring densi-
ties of powders: (left) aluminum powder; (right) copper powder.  
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Table 1. Measurements of densities of spherical objects 
compared to values from literature. 
Material 
Knowna 
Density 
(g/cm3) 
Measuredb 
Density 
(g/cm3) 
High-Density Polyethylene 
(HDPE) 
     0.941   0.96 ± 0.05 
Polytetrafluorethylene (Tef-
lon) 
     2.21   2.2   ± 0.04 
Glass   2.4 – 2.8   2.4   ± 0.04 
Aluminum      2.7   2.7   ± 0.1 
Silicon Nitride      3.32   3.3   ± 0.05 
Aluminum Oxide      3.88   3.9   ± 0.06 
Brass      8.53   8.5   ± 0.5 
Lead 11.2 – 11.3 11      ± 0.6 
Mercury    13.55 13      ± 0.9 
aData were obtained from sources listed in the SI 
bn ≥ 7 
Table 2. Measurements of densities of non-spherical ob-
jects compared with values from literature. 
Material 
Knowna 
Density 
(g/cm3) 
Measuredb 
Density 
(g/cm3) 
Air      0.001   0.0 ± 0.04 
Polytetrafluorethylene (Teflon)      2.21   2.2 ± 0.05 
Silicon      2.33   2.4 ± 0.04 
Diamond      3.51   3.6 ± 0.09 
Aluminum Oxide      3.88   3.9 ± 0.06 
Stibnite (Sb2S3, mineral) 4.52 – 4.62   4.5 ± 0.1 
Cerussite (PbCO3, mineral)      6.55   6.5 ± 0.2 
Indium      7.31   7.3 ± 0.2 
Copper      8.96   9.0 ± 0.6 
Silver    10.5 11    ± 0.1 
Lead 11.2 – 11.3 11    ± 0.6 
Gold    19.3 20    ± 1 
Indium    22.56 23    ± 2 
Osmium    22.59 23    ± 2 
aData were obtained from sources listed in the SI 
bn ≥ 7 
 
Measuring Densities of Multiple Objects Simultaneously. 
Increasing ρrange also enabled us to characterize multiple 
objects of widely differing density, simultaneously. To 
demonstrate this capability, we placed six different samples 
composed of i) alumimum, ii) poly(tetrafluoroethylene) (Tef-
lon), iii) glass (manufacturer reported ρ = 1.8000 g/cm
3
; 
American Density Materials, Inc.), iv) polyamide-imide (Tor-
lon), v) polyamide (nylon 6/6), and vi) high-density polyeth-
ylene (HDPE), in a square cuvette in a MagLev device. Figure 
4 shows how, after agitation, the objects distributed according 
density. The numeric values report the densities (averaged 
over seven trials, each at a different ) that we measured for 
each object by using Equation 7. 
Figure 4. The simultaneous measurement of density of six spheri-
cal objects. The labeled values indicate the mean values (n = 7) of 
the measured densities (g/cm3). 
Measuring Densities of Dense Powders. Because MagLev 
suspends samples in an aqueous medium without contact, it is 
also possible to use the increased Δρrange to characterize a wide 
variety of powders composed of fine grains (tens to hundreds 
of micrometers) of dense materials (e.g., metallic powders). 
We tuned the viscosity of the medium with added dextran to 
attain a practical balance between rapid equilibriation (low 
viscosity enables the powder to settle to the bottom quickly) 
and ease of manipulation (high viscosity enables the powders 
to be “picked up” by rotation; see Experimental). Using this 
approach, we measured the densities of five different powders 
overall (gold, glass, aluminum, tin, and copper), with particle 
sizes ranging from -200 to 20 mesh (74 – 841 µm). Figure 3c 
shows images of aluminum and copper powders sliding along 
the surface after we rotated the container. Table 3 reports the 
densities that we measured using this method compared to the 
known densities of these materials from literature. The 
densities measured by MagLev agree well with the values in 
the literature. 
CONCLUSION 
By tuning the buoyant force of gravity along the axis of 
measurement within a MagLev device, we have expanded the 
range of densities of non- or weakly-magnetic materials that 
can measured with this technique by ~15x over previous
2
 ef-
forts (from ~0.8-2.3 g/cm
3
 to ~0.0-23 g/cm
3
). This enhanced 
range enabled us to levitate and measure the density of objects 
with a wide variety of material compositions, including sam-
ples with either very low density (e.g., bubbles of air, foam) or 
very high density (e.g., osmium and iridium). By tuning the 
viscosity of the medium and periodically rotating the container 
before measurement, we were able to measure the density of 
objects with a wide variety of shapes and sizes, such as spheri-
cal particles (e.g., plastic beads), non-spherical samples (e.g., 
Si wafer, a flat sheet of artificial diamond), and even mi-
croscale powders.  
The primary limitation to increasing the range of measure-
ment emerges from the inherent trade-off between sensitivity 
and range: we must decrease the sensitivity to increase the 
range. It is difficult, therefore, to use this method to resolve 
small differences in density between samples that are both far 
from the density of the medium (e.g., metals) and physically 
large enough that they prevent each other, by hard contact, 
from reaching their equilibrium positions. This challenge, 
 6 
however, can be overcome by i) ensuring that the size of sam-
ples remains small (e.g., small particles or powders), ii) meas-
uring the density and magnetic susceptibility of the medium 
with very high accuracy, and iii) using imaging equipment 
with high enough resolution to detect small differences or 
changes in position (0.1 – 1 mm). Alternatively, it may be 
possible to measure density with very high sensitivity (at the 
expense of range), by measuring along an axis that has a weak 
magnetic force (rather than along the axis of weak gravitation-
al force). This approach, however, would only be effective for 
objects close in density of the medium, and not for the present 
case, where the densities of the samples are substantially dif-
ferent from that of the medium. 
The methods presented in this paper expand the variety of 
possible applications available to MagLev. The ability to levi-
tate, simultaneously, objects with a broad range of different 
densities may be useful in i) forensic science (e.g., for identi-
fying the composition of miscellaneous objects or powders), 
ii) geology (e.g., for identifying small mineral grains), indus-
trial manufacturing (e.g., for quality control of parts), iii) pol-
ymer science (e.g., for separating polymers based on crystal-
linity), iv) materials science (e.g., for identifying alloys of 
small particles), and v) resource-limited settings (e.g., for 
identifying and separating metals in developing countries). 
Our approach of tilting the MagLev device relative to the 
gravitational vector is operationally simple and can be imple-
mented in the field with very simple equipment (e.g., by rest-
ing a MagLev device—two magnets and a container of fluid—
on its side, against a flat surface, such as a wooden plank, and 
measuring the angle with a digital level, such as a smartphone 
equipped with appropriate software). 
Supporting information includes supplementary materials and 
methods, literature values of densities, and supporting experi-
mental design. The Supporting Information is available free of 
charge on the ACS Publications website. 
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